Rdsum6.-On resume les mdchanismes principaux de conductivitd dc dans les systlmes ddsordonn6s et la d6pendance en tempdrature de la conductivitd. Si la longueur de localisation est grande, le comportement mgtallique doit Ztre observ6 aux temperatures hautes, aux temperatures plus basses la rdsistance doit croytre comme une puissance de T-', et aux temperatures trSs basses, quand les sauts de portde algatoire se prdsentent, la resistance doit croftre. Les conditions necessaires pour l'observation de ces effets dans les fils minces m6talliques sont discutdes.
Abstract.-A survey is given of the main mechanisms of dc electrical conductivity in disordered systems and of how the conductivity depends on temperature. If the localization length is large, metallic behaviour will be observed at high temperatures, at lower temperature the resistance will increase with a power of T-', and at very low temperatures, when variable range hopping occurs, the resistance will increase exponentially. The conditions necessary to observe these effects in thin metallic wires are discussed.
During the past ten or twelve years there has been a lot of discussion of the manner in which localized electron states produced by the strong disorder in an amorphous material would affect the transport properties. This discussion has been important for two reasons. It has shown that there is a sharp qualitative distinction between extended and localized states, and that they are not just two extremes of a continuous transition. It has also led to new and powerful ways of displaying and interpreting data on transport properties. The difference between extended and localized states is shown up most sharply by the temperature dependence of the dc electrical conductivity, particularly at low temperatures. Because of the wide variety of systems involved "low" temperatures may mean room temperature for one material and millidegrees for another. Essential information does however come from other transport measurements such as the frequency dependence of the ac conductivity, the thermopower, the Hall effect, the photoelectric effect, and so on. Very interesting experiments have been done on the behaviour of injected carriers, and these eive information which cannot readily be obtained by.working close to equilibrium conditions. In this paper particular attention is paid to the differences between localized and extended states, and to the nature of the transition between them. It is important to understand very low temperatures to be able to distinguish between extended states and large localized states. It has been suggested that localized states should exist in ordinary metallic wires if they are long enough and thin enough, and a number of experimental groups are looking for evidence of localization. If it is not found it will indicate that something important is probably missing from our analysis of disordered systems.
Anderson argued that in a sufficiently disordered system electrons would be localized in a region of suitable potential energy, and that the wave function would fall off exponentially from the centre of localization at a rate which can be calculated by use of perturbation theory /I/. Even in a weakly disordered system states near the band edge should be localized, as the long wavelength states are sensitive to potential fluctuations.
As the disorder is decreased or the energy is increased the localization length increases until eventually it becomes infinite and the states become extended. Mott has argued strongly that at this mobility edge the extended states have a minimum metallic conductivity / 2 / . If it is accepted that the electron wavelength, the distance over which the phase of the wave function changes by 2rr, cannot be much greater than the mean free path A, the distance over which it loses phase coherence, and this condition Xk >1 is used in the stan-F dard formulas of kinetic theory for the free electron model, the result u~~ = n e 2 ' / r n = e2s2X/3n2~>e2$/3n2K 
For a given value of (E -E ) this expression is a B
greatest when E and cB have opposite signs, so that a hopping across the Fermi energy seems to be favoured ; just such a hop is shown in figure 2 .lb of Mott and.~avis 181. I believe this is a spurious effect due to the use of equilibrium values of f a' f in equations (6) This suggests an activation energy proportional to e 2 /~ for hops of length R, and the equation analogous to (4) for this problem leads to / 101
for such systems. This is indeed observed together with a transition to metallic behaviour when the film is thick enough that the minimum metallic conductivity is reached. Figure 3 shows some recent results of Dynes, Garno and Rowel1 /11/ for thin metallic films.
As the mobility edge is approached the localization length gets longer, and in some energy range close to the mobility edge there must be ma- rature is low enough that the electron can diffuse to its localization length without an inelastic collision but not so low that kT is as small as the spacing between energy levels, then the motion of the electrons is limited by the rate at which inelastic events occur. Each inelastic collision then allows the electron to diffuse a distance of the order of the localization length. Since the rate at which phonons whose wavelength is much longer than the electronic mean free path scatter electrons is proportional to T ' , and the rate at which electron-electron collisions occur is proportional to T , the resistance will be proportional to T-' or T-2 according to which mechanism is more important. At temperatures such that kT is less than the spacing between overlapping levels variable range hopping will take over again /12/. Various remarks should be made about this system. If the hyperfine splittings of nuclear magnetic levels are comparable with or larger than the spacings between overlapping localized states it will be hard to see the localization because transitions between the localized states can then be induced by hyperfine interactions 1141. It is important that the wire should be reasonably uniform as small regions in which the wire is much thicker than usual, which would not affect the resistance much under normal conditions, may be regions where a high level density makes transitions between localized states much easier. For the same reason contact points, even if they are not actually connected to a voltmeter, can affect the conduction process. Finally it is not necessary to have the voltage so small that the energy difference between two ends of a localized state is small compared with the spacing. Even in the presence of a fairly strong field the states should be localized, although these localized states will be complicated superpositions of the states in the absence of a field. All that is necessary is that the potential difference between the ends of a localized state should be small compared with kT, so that thermoelectric effects are not important. The localization should be destroyed by coupling between strands of a quasi-one-dimensional conductor consisting of conducting strands embedded in a poorly conducting medium. This problem has been considered by Abrikosov and Ryzhkin / 151.
